∼ 2 × 10 −6 ) and angular resolution (∼5 arcmin). Planck will provide a major source of information relevant to many fundamental cosmological problems and will test current theories of the early evolution of the Universe and the origin of structure. It will also address a wide range of areas of astrophysical research related to the Milky Way as well as external galaxies and clusters of galaxies. The ability of Planck to measure polarization across a wide frequency range (30−350 GHz), with high precision and accuracy, and over the whole sky, will provide unique insight, not only into specific cosmological questions, but also into the properties of the interstellar medium. This paper is part of a series which describes the technical capabilities of the Planck scientific payload. It is based on the knowledge gathered during the on-ground calibration campaigns of the major subsystems, principally its telescope and its two scientific instruments, and of tests at fully integrated satellite level. It represents the best estimate before launch of the technical performance that the satellite and its payload will achieve in flight. In this paper, we summarise the main elements of the payload performance, which is described in detail in the accompanying papers. In addition, we describe the satellite performance elements which are most relevant for science, and provide an overview of the plans for scientific operations and data analysis.
Introduction
The Planck mission 1 was conceived in 1992, in the wake of the release of the results from the COsmic Background Explorer (COBE) satellite (Boggess et al. 1992) , notably the measurement by the FIRAS instrument of the shape of the spectrum of the cosmic microwave background (CMB), and the detection by the DMR instrument of the spatial anisotropies of the temperature of the CMB. The latter result in particular led to an explosion in the number of ground-based and suborbital experiments dedicated to mapping of the anisotropies, and to proposals for space experiments both in Europe and the USA.
The development of Planck began with two proposals presented to the European Space Agency (ESA) in May of 1993, for the COsmic Background Radiation Anisotropy Satellite (COBRAS, Mandolesi et al. 1993 ) and the SAtellite for Measurement of Background Anisotropies (SAMBA, Puget et al. 1993) . Each of these proposed a payload formed by an offset Gregorian telescope focussing light from the sky onto an array of detectors (based on high electron mobility transistor [HEMT] low noise amplifiers for COBRAS and very low temperature bolometers for SAMBA) fed by corrugated horns. The two proposals were used by an ESA-led team to design a payload where a single COBRAS-like telescope fed two instruments, a COBRAS-like Low Frequency Instrument (LFI), and a SAMBA-like High Frequency Instrument (HFI) sharing a common focal plane. A period of study of this concept culminated in the selection by ESA in 1996 of the COBRAS/SAMBA satellite (described in the so-called "Redbook", Bersanelli et al. 1996) into its programme of scientific satellites. At the time of selection the launch of COBRAS/SAMBA was expected to be in 2003. Shortly after the mission was approved, it was renamed in honor of the German scientist Max Planck , winner of the Nobel Prize for Physics in 1918.
Shortly after its selection, the development of Planck was joined with that of ESA's Herschel Space Telescope, based on a number of potential commonalities, the most important of which was that both missions targeted orbits around the second Lagrangian point of the Sun-Earth system and could therefore share a single heavy launcher. In practice the joint development has meant that a single ESA engineering team has led the development of both satellites by a single industrial prime contractor, leading to the use of many identical hardware and software subsystems in both satellites, and a synergistic sharing of engineering skills and manpower. The industrial prime contractor, Thales Alenia Space France, was competitively selected in early 2001. Thales Alenia Space France was supported by two major subcontractors: Thales Alenia Space Italy for the service module of both Planck and Herschel, and EADS Astrium GmbH for the Herschel payload module, and by many other industrial subcontractors from all ESA member states. The development of the satellite has been regularly reported over the years, see e.g. Reix et al. (2007) .
In early 1999, ESA selected two consortia of scientific institutes to provide the two Planck instruments which were part of the payload described in the Redbook: the LFI was developed by a consortium led by N. Mandolesi of the Istituto di Astrofisica Spaziale e Fisica Cosmica (CNR) in Bologna (Italy); and the HFI by a consortium led by J.-L. Puget of the Institut d'Astrophysique Spatiale (CNRS) in Orsay (France). More than 40 European institutes, and some from the USA, have collaborated on the development and testing of these instruments, and will continue to carry out their operation, as well as the ensuing data analysis and initial scientific exploitation (see also Appendix A).
In early 2000, ESA and the Danish National Space Institute (DNSI) signed a Letter of Agreement for the provision of the two reflectors that are used in the Planck telescope. DNSI led a consortium of Danish institutes, which together with ESA subcontracted the development of the Planck reflectors to EADS Astrium GmbH (Friedrichshafen, D) , who have manufactured the reflectors using state-of-the-art carbon fibre technology.
The long development history of the Planck satellite (see Fig. 1 ) culminated with its successful launch on 14 May 2009. This paper is not meant to describe in detail Planck's scientific objectives or capabilities. A detailed and still quite upto-date description of the Planck mission and, more specifically, of its scientific objectives was produced in 2005, the "Planck Bluebook" (Planck Collaboration 2005) . This paper is meant to provide an update to the technical description of the payload in the Planck Bluebook, summarising the best knowledge available at the time of launch of the major scientifically relevant performance elements of the satellite and its payload, based on all the ground testing activities and extrapolation to flight conditions. It is part of a set of papers which details the payload performance and which will be referred to whenever possible for detailed descriptions. In addition to a summary of the material presented in the accompanying papers, this one also includes a description of the scientifically relevant elements of the satellite performance, of its planned operations, and a brief overview of the "science ground segment". The main accompanying papers, most of which are part of this special issue of Astronomy & Astrophysics, include:
- Tauber et al. (2010) , describing the optical performance of the combined payload, i.e. telescope plus instruments; - Mandolesi et al. (2010) , describing programmatic aspects of the LFI and its development; - Bersanelli et al. (2010) , describing in detail the design of the LFI; - Mennella et al. (2010) , describing the test and calibration programme of the LFI at instrument and system levels prior to launch; - , describing the test and calibration of the LFI radiometer chains; - Sandri et al. (2010) , describing the design and test of the LFI optics; - Leahy et al. (2010) , describing the polarisation aspects of the LFI, and its expected performance in orbit; - Lamarre et al. (2010) , describing in detail the on-ground design, manufacture, test and performance of the HFI; - Pajot et al. (2010) , describing the test and calibration programme of the HFI prior to launch; - Ade et al. (2010) , describing the design, test and performance of the cryogenic elements of the HFI focal plane; - Holmes et al. (2008) , describing the design, manufacture and test of the HFI bolometers; - Maffei et al. (2010) , describing the design and test of the HFI optics; - Rosset et al. (2010) , describing the polarisation aspects of the HFI.
Satellite description
Figures 2 and 3 show the major elements and characteristics of the Planck satellite. Planck was designed, built and tested around two major modules:
1. a payload module (see Fig. 5 ) containing an off-axis telescope with a projected diameter of 1.5 m, focussing radiation from the sky onto a focal plane shared by detectors of the LFI and HFI, operating at 20 K and 0.1 K respectively; a telescope baffle that simultaneously provides stray-light shielding and radiative cooling; and three conical "V-groove" baffles that provide thermal and radiative insulation between the warm service module and the cold telescope and instruments. 2. a service module (see Fig. 6 ) containing all the warm electronics servicing instruments and satellite; and the solar panel providing electrical power. It also contains the cryocoolers, the main on-board computer, the telecommand receivers and telemetry transmitters, and the attitude control system with its sensors and actuators.
The most relevant technical characteristics of the Planck spacecraft are detailed in Table 1 .
Pointing
Planck spins at 1 rpm around the axis of symmetry of the solar panel 2 . In flight, the solar panel can be pointed within a cone of 10
• around the direction to the Sun; everything else is always in its shadow. The attitude control system relies principally on:
-Redundant star trackers as main sensors, and solar cells for rough guidance and anomaly detection. The star trackers contain CCDs which are read out in synchrony with the speed of the field-of-view across the sky to keep star images compact. -Redundant sets of hydrazine 20 N thrusters for large manoeuvers and 1 N thrusters for fine manoeuvers.
An on-board computer dedicated to this task reads out the star trackers at a frequency of 4 Hz, and determines in real time the absolute pointing of the satellite based on a catalogue of bright stars. Manoeuvers are carried out as a sequence of 3 or 4 thrusts spaced in time by integer spin periods, whose duration is calculated on-board, with the objective to achieve the requested attitude with minimal excitation of nutation. There is no further active damping of nutation during periods of inertial pointing, i.e. between manoeuvers. The duration of a small manoeuver typical of routine operations (2 arcmin) is ∼5 min. Larger manoeuvers are achieved by a combination of thrusts using both 1 N and 20 N thrusters, and their duration can be considerable (up to several hours for manoeuver amplitudes of several degrees). The attitudes measured on-board are further filtered on the ground to reconstruct with high accuracy the spacecraft attitude (or rather the star tracker reference frame). The star trackers and the instrumental field-of-view were aligned on the ground independently to the spacecraft reference frame; the resulting alignment accuracy between the star trackers and the instruments was of The function of the large baffle surrounding the telescope is to control the very-far-sidelobe level of the radiation pattern as seen from the detectors, and it also contributes substantially to radiative cooling of the payload. The specular conical shields (often called "V-grooves") thermally decouple the octagonal service module (which contains all warm elements of the satellite) from the payload module. The clampband adapter which holds the satellite to the rocket, and the medium-gain horn antenna used to transmit science data to ground are also indicated.
0.
• 19, far better than required. The angles between the star tracker frame and each of the detectors are determined in flight from observations of planets. Several bright planets drift through the field-of-view once every 6 months, providing many calibration points every year. There are many weaker point sources, both celestial and in the Solar System, which provide much more frequent though less accurate calibration tests. The in-flight pointing calibration is very robust vis-à-vis the expected thermoelastic deformations (which contribute a total of 0.14 arcmin to the total on-ground alignment budget). The most important pointing performance aspects, based on a realistic simulation using rather conservative parameter values, and tests of the attitude control system, are summarised in Table 2 . The 20 N thrusters are also used for orbit control manoeuvers during transfer to the final Planck orbit (two large manoeuvers planned) and for orbit maintenance (typically one manoeuver per month). Most of the hydrazine thruster fuel that Planck carries is expended in the two large manoeuvers carried out during transfer, and a very minor amount is required for orbit maintenance.
Thermal design and the cryo-chain
The cryogenic temperatures required by the detectors are achieved through a combination of passive radiative cooling and three active refrigerators. The contrast between the high power dissipation in the warm service module (∼1000 W at 300 K) and that at the coldest spot in the satellite (∼100 nW at 0.1 K) are testimony to the extraordinary efficiency of the complex thermal system which has to achieve such disparate ends simultaneously while preserving a very high level of stability at the cold end.
The telescope baffle and V-groove shields (see Fig. 2 ) are key parts of the passive thermal system. The baffle (which also acts as a stray-light shield) is a high-efficiency radiator consisting of ∼14 m 2 of open aluminium honeycomb coated with black cryogenic paint; the effective emissivity of this combination is very high (>0.9). The "V-grooves" are a set of three conical shields with an angle of 5
• between adjacent shields; the surfaces (approx 10 m 2 on each side) are specular (aluminum coating with an emissivity of ∼0.045) except for the outer (∼4.5 m 2 ) area of the topmost V-groove which has the same high-emissivity coating as the baffle. This geometry provides highly efficient radiative coupling to cold space, and a high degree of thermal and radiative isolation between the warm spacecraft bus and the cold telescope, baffle, and instruments. The cooling provided by the passive system leads to a temperature of 40-45 K for the telescope and baffle. Table 3 lists temperature ranges predicted in flight for various parts of the satellite, based on a thermo-mechanical model which has been correlated to test results; the uncertainty in the prediction for elements in the cold payload is of order (+0.5 K, −2 K).
The active refrigeration chain further reduces the detector temperatures to 20 K (LFI front-end low noise amplifiers) and 0.1 K (HFI bolometers) respectively. It is based on three distinct units working in series (see Fig. 7 ):
1. The hydrogen sorption cooler was designed and built expressly for Planck at NASA's Jet Propulsion Laboratory (USA) (Bhandari et al. 2004; Pearson et al. 2006) ; it directly cools the LFI low-noise amplifiers to their operating temperature while providing pre-cooling for the HFI cooler chain. The sorption cooler consists of two cold redundant units, each including a six-element sorption compressor and a Joule-Thomson (JT) expansion valve. Each element of the compressor is filled with hydride material (La Ni 4.78 Sn 0.22 ) which alternately absorbs and releases hydrogen gas under control of a heat source. The cooler produces liquid hydrogen in two liquid-vapor heat-exchangers (LVHXs) whose temperatures are stabilized by hydrogen absorption into three compressor elements. LVHX1 provides pre-cooling for the HFI 4K cooler, while LVHX2 cools the LFI focal plane unit (FPU). The vapor pressure of the liquid hydrogen in the LVHXs is determined primarily by the absorption isotherms of the hydride material used in the compressor elements. Thus, the heat rejection temperature of the compressor elements determines the instrument temperatures. On the spacecraft the compressor rejects heat to a radiator to space with flight allowable temperatures between 262 and 282 K; the radiator is a single unit which couples the active and redundant sorption coolers via a network of heat pipes. The operating efficiency of the Planck sorption cooler depends on passive cooling by radiation to space, which is accomplished by heat exchange of the gas piping to the three V-groove radiators. The final V-groove is required to be between 45 and 60 K to provide the required cooling power for the two instruments. At the expected operating temperature of ∼47 K, with a working pressure of 3.2 MPa, the two sorption coolers produce the 990 mW of required cooling power for the two instruments, with a margin of ∼100 mW. The temperature in flight at the heat exchangers will be 17.5 K (LVHX1) and 19 K (LVHX2). LVHX2 is actively stabilised by a closed loop heat control; typical temperature fluctuation spectra are shown in Fig. 8 . 2. The 4 K cooler is based on the closed circuit JT expansion of helium, driven by two mechanical compressors, one for the high pressure side and one for the low pressure side. A description of this system is given in Bradshaw et al. (1997) . Similar compressors have already been used for active cooling at 70 K in space. The Planck 4 K cooler was initially developed under an ESA programme to provide 4 K cooling Fig. 4 . Planck focal plane unit. The HFI array of feedhorns (identified by the blue circle) is located inside the ring formed by the LFI feed horns. The LFI focal plane structure (temperature 20 K) is attached by bipods to the telescope structure (temperature ∼40 K). Thermally isolating bipods are also used to mechanically mount the HFI external structure (temperature 4 K) to the LFI focal plane. The externally visible HFI horns are at a temperature of 4 K; behind the first horn is a second stage at 1.6 K containing filters, and behind these the bolometer mounts at 0.1 K.
with reduced vibration for the FIRST (now Herschel) satellite. For this reason the two compressors are mounted in a back-to-back configuration, which cancels most of the momentum transfer to the spacecraft. Furthermore, force transducers placed between the two compressors provide an error signal which is used by the drive electronics servo system to control the motion profile of the pistons up to the 7th harmonic of the base compressor frequency (∼40 Hz). The damping of vibration achieved by this system is more than two orders of magnitude at the base frequency and factors of a few at higher harmonics; the residual vibration levels will have a minor heating effect on the 100 mK stage, and negligible impact on the pointing. Pre-cooling of the helium is provided by the sorption cooler described above. The cold end of the cooler consists of a liquid helium reservoir located just behind the JT orifice. This cold tip is attached to the bottom of the 4 K box of the HFI FPU (see Fig. 7 ). It provides cooling for this screen and also pre-cooling for the gas in the dilution cooler pipe described later in this section. The margin between heat lift and heat load depends sensitively on the pre-cooling temperature provided by the sorption cooler at the LVHX1 interface. The temperature of LVHX1 is thus the most critical interface of the HFI cryogenic chain; system-level tests have shown that it is likely to be ∼17.5 K, about 2 K below the maximum requirement 3 . At this pre-cooling temperature the heat load is 10.6 mW and the heat lift is 16.1 mW for a compressor stroke amplitude of 3.5 mm (the maximum is 4.4 mm). The heat load of the 4 K cooler onto the sorption cooler is only 30 mW, a very small amount with respect to the heat lift of the sorption cooler (990 mW); thus there is little back reaction of the 4 K onto the sorption cooler. 3. The dilution cooler consists of two cooling stages in series, using 36 000 litres of Helium 4 and 12 000 litres of Helium 3 gas stored on-board in 4 high-pressure tanks. The first stage is based on JT expansion, and produces cooling 3 The temperature of the cold end of the sorption cooler is mostly driven by that of the warm radiator on the satellite, which will be operated at 272 K (±10 K), leading to a temperature at LVHX1 of 17.5 K (±0.5). The warm radiator temperature is thus also a critical parameter, which can be kept in flight within the desired range as demonstrated during ground tests. and coated with high emissivity paint, and internally covered with aluminum foil. The telescope support structure, made from carbon fiber reinforced plastic, consists mainly of a hexagonal frame and a large panel supporting the primary reflector. Twelve glass fiber reinforced plastic struts support the telescope frame and the three V-grooves. The grooves are facetted with six flat sectors of 60
• each, made of aluminum sandwich with pure aluminum skins. The pipes carrying cryogenic fluid for the coolers are heat sunk onto each of the three V-grooves; a more detailed view of the piping can be seen in the lower panel. The focal plane is supported by three bipods to the primary reflector panel. Waveguides connect each LFI radiometer front-end amplifier to corresponding backend amplifiers, located in the REBA (radiometer electronics and backend assembly). The HFI bolometer signals are first processed by JFETs (junction-gate field effect transistors) operated at 130 K, and then amplified in the PAU (pre-amplifier unit). All further instrument electronic units are located inside the service module (see Fig. 6 ). Figures courtesy of ESA and Thales Alenia Space.
for the 1.6 K screen of the FPU and for pre-cooling of the second stage cooler. The latter is based on a dilution cooler principle working at zero-G, which was invented and tested by A. Benoît (Benoît et al. 1997) , and developed into a Triqueneaux et al. (2006) . The gas from the tanks (at 300 bars at the start of the mission) is brought down to 19 bars through a pressure regulator and the flow through the dilution is regulated by a set of discrete restrictions which can be switched by telecommand. The gas is vented to space after the dilution process 4 , and the cooler therefore has a lifetime limited by the gas supply. The dilution of the two helium isotopes provides the cooling of the bolometers to a temperature around 100 mK which is required to deliver a very high sensitivity for the channels near the peak of the CMB spectrum (noise equivalent power around 10 −17 W/ √ Hz), limited mostly by the background photon noise.
A detailed description of the cooling system and its performance in flight will be prepared and published after the in-flight performance verification phase.
Instruments
The LFI ) is designed around 22 pseudocorrelation radiometers fed by corrugated feedhorns and orthomode transducers to separate two orthogonal linear polarisations. Each horn thus feeds two radiometers. The radiometers are based on front-end low noise amplifiers using indium-phosphide high electron mobility transistors, which process simultaneously the signal from the sky fed by the telescope, and the signal from stable blackbody reference loads located on the external body of the HFI where they can be maintained at a temperature of 4 K. The front-end amplifiers are located in the focal plane of the telescope, and are operated at a temperature of ∼20 K; they feed warm back-end amplifiers and detection electronics via waveguides connecting the FPU to the warm service module. For each radiometer, sky and load time-ordered data are separately reconstructed and made available for processing on the ground. A detailed description of the LFI design and performance as measured on the ground are included in Bersanelli et al. (2010) , Mennella et al. (2010) , and other papers included in this issue.
The HFI (Lamarre et al. 2010 ) is designed around 52 bolometers fed by corrugated feedhorns and bandpass filters within a back-to-back conical horn optical waveguide. Twenty of the bolometers (spider-web bolometers or SWBs) are sensitive to total power, and the remaining 32 units are arranged in pairs of orthogonally-oriented polarisation-sensitive bolometers (PSBs). All bolometers are operated at a temperature of ∼0.1 K, and read out by an AC-bias scheme through JFET amplifiers operated at ∼130 K. Detailed descriptions of the HFI design and performance as measured on the ground are included in Lamarre et al. (2010) , Pajot et al. (2010) , and other papers included in this issue. 
Notes.
(a) For each element listed, the min and max temperatures correspond to the coldest and warmest node in a thermal finite element model which has been correlated to the results of ground tests, when the model is run in a flight-like environment.
The frequency range of the two instruments together is designed to cover the peak of the CMB spectrum and to characterize the spectra of the main Galactic foregrounds (synchrotron and free-free emission at low frequencies, and dust emission at high frequencies). The LFI covers 30-70 GHz in three bands, and the HFI covers 100-857 GHz in six bands. The band centers are spaced approximately logarithmically. The main performance parameters of the instruments, as derived from ground testing, are summarized in Table 4 .
In addition to the basic properties of each detector (Table 4) , it is important to quantify their stability at various timescales, and the presence of non-white noise in the detector noise spectrum. These are described in the following sections.
Deviations from ideality in LFI
The LFI differential pseudo-correlation receiver scheme was designed to maximise stability and immunity to systematic effects of thermal or electrical origin . The main sources of potential instabilities in the LFI signal are enumerated and briefly discussed below.
Low frequency noise intrinsic to the radiometers -HEMT
low noise amplifiers, such as those used by LFI, exhibit gain and noise temperature fluctuations caused by the presence of traps in the semiconductor, resulting in a characteristic power spectral density P( f ) ∝ 1/ f β with β ≈ 1 ("1/ f noise"). The noise power spectral density of the LFI postdetection differenced signal is well described by:
where σ 2 is the white noise limit and f k is the characteristic knee-frequency. Test results on the LFI show typical values of f k ∼ 20 mHz, i.e. well below the required level which was set taking into account the satellite spin rate, f S 17 mHz, and the efficiency of destriping algorithms (Maino et al. 2002; Keihänen et al. 2005) . 2. Radiometer thermal fluctuations -The LFI front-end is cooled to 20 K for optimal sensitivity of the indium phosphide cryogenic amplifiers. Fluctuations in the temperature of the 20 K cold end lead to perturbations of the radiometric differential signal through a complex transfer function which depends on the thermal susceptibility of the active and passive components in the LFI front-end modules and on the damping properties of the instrument thermal mass (Mennella et al. 2010) . Stability requirements imposed on the 20K sorption cooler (see Fig. 8 ) lead to fluctuations in the raw data of <10-15 μK (peak-to-peak), which translates into a residual systematic effect at a level <1 μK, estimated at the end of the mission after destriping. Similar requirements, though far less stringent, were imposed to the stability of the back-end modules where further RF amplification takes place. 3. Thermal fluctuations of the reference loads -Instabilities in the blackbody reference loads, connected to the HFI 4 K box, are directly transferred to the measured signals.
Proportional-integral-derivative (PID) stabilisation applied to the HFI 4 K stage significantly reduces thermal fluctuations which are dominated by the 20 K pre-cooling interface. The effect has been calculated and eventually measured in the system level tests. The location of the PID on the 4 K stage leads to efficient damping for the 70 GHz reference loads (where an estimated level of the fluctuation spectrum below 10 μK/ √ Hz is reached). The 30 and 44 GHz reference loads are located further away from the PID source, and for them a similar damping level is not guaranteed. On time scales below the spin rate (1 min), the thermal fluctuations of the reference loads are below the 10 μK/ √ Hz requirement and do not contribute significantly to the noise in the differenced data. On longer time scales (∼15 min), sorption cooler fluctuations on the HFI cold head induce periodic oscillations at the 4 K shield interface of order 5 mK (peak to peak) which propagate to the reference loads. The combination of the passive filtering due to the thermal inertia of the FPU itself and the action of the PID system completely suppress these oscillations in the 70 GHz loads, and reduce their amplitude to <1 mK in the 30 and 44 GHz loads. Simulations show that these fluctuations at low frequencies are efficiently erased by destriping techniques, leading to a residual effect on the maps of order 1 μK. Furthermore, the temperatures of the reference loads are measured by thermometers to an accuracy level which allows the removal of the thermal fluctuation signal, using software based on a thermo-mechanical model which has been specifically developed to deal with this effect if needed. 4. Frequency spikes -The noise spectra of some LFI radiometers exhibit a few very narrow spikes at 1 Hz and harmonics, which are known to be due to a subtle disturbance from the housekeeping data acquisition performed by the data acquisition electronics. These artifacts are nearly identical in sky and reference samples, and are almost completely removed by the LFI differencing scheme (Meinhold et al. 2009 ).
Simulations reproducing the effect in a full-sky observation with worst-case assumptions lead to a residual systematic effect of 0.4 μK (peak-to-peak). Despite the extremely low level of this effect, software tools have been developed to remove the disturbance from the limited number of channels showing it, and have been tested on the full Planck systemlevel tests, yielding a reduction factor of ∼10. Part of the comissioning phase of Planck will include careful in-orbit characterization of the spikes to further optimize the tools. Monte Carlo testing of the LFI analysis pipeline includes simulations and removal of these spikes. Notes.
(a) For the LFI, the values shown correspond to the output of a linearly polarised differential radiometer; two such outputs, referred to as "detectors" in this paper, are supported by each horn. In fact each of the two radiometer outputs from one horn is built from the data acquired by two diodes, each of which are switched at high frequency between the sky and a blackbody load at 4 K (see Bersanelli et al. 2010) . For the HFI, a (polarised) detector is taken to be the output of one of a pair of linearly polarised polarisation-sensitive bolometers; each horn contains one pair, i.e. two orthogonally-polarised detectors. Unpolarised spider-web bolometers are present in some of the horns, in these cases there is only one detector per horn. See Lamarre et al. (2010) . (b) Band-averaged, including polarised and unpolarised detectors, see Tauber et al. (2010) . (c) Band-averaged, including polarised and unpolarised detectors, see Tauber et al. (2010) . (d) In μK/K (thermodynamic temperature) for 15 months integration, 1σ, for square pixels whose sides are given in the row "Mean FWHM". The instantaneous sensitivities used for these estimates are drawn from ground calibration, averaged for all detectors in each channel; for LFI the sensitivity is the mean of the two methods described in Mennella et al. (2010) . 
Deviations from ideality in HFI
The bolometers and readout system of HFI are intrinsically extremely stable (Lamarre et al. 2010) , and the main instabilities that will affect the HFI are of thermal origin. Stability requirements on the temperature of the different HFI stages, throughout the frequency range where useful scientific data from the sky are sampled (0.016 to 100 Hz), are set by the following requirements (details can be found in Lamarre et al. 2010 ):
-by design, fluctuations in the 100 mK stage (carrying the bolometers) should induce an extra noise less than 20% of the background photon noise on the bolometers -similarly, fluctuations in the 1.6 and 4 K stages (containing filters and horns in the optical path), should induce emission leading to stray-light levels less than 20% of the noise of the whole detection chain for all channels.
To achieve these stringent goals, each thermal stage within HFI is actively controlled:
-The temperature of the 4 K box, containing the back-to-back horns coupling to the sky, is regulated by a PID servo system with a heating belt providing a temperature stability such that the power spectrum of the temperature fluctuations is lower that 10 μK/ √ Hz within the band of sampling frequencies where useful information from the sky resides (0.016 to 100 Hz).
-A PID servo system controls the stability of the 1.6 K screen of the FPU (to which the bandpass-defining filters are attached) with a stability requirement of 28 μK/ √ Hz (in the range of frequencies 0.016 to 100 Hz). -The bolometer temperature of 100 mK provides for very high sensitivity, limited mostly by the background photon noise, with a noise equivalent power around 10 −17 W/ √ Hz for the channels near the peak of the CMB spectrum. The required temperature stability for this stage is thus very stringent: 20 nK/ √ Hz in the sampling frequency range 0.016 to 100 Hz. This is achieved mostly through a passive thermal filter mounted between the dilution cooler's cold tip and the bolometer optical plate. The mechanical link between these two stages is built out of a Holmium-Yttrium alloy which has a very high heat capacity in the 100 mK range, providing a thermal time constant of several hours between these stages.
In addition, two stages of PID regulation are included. The first is on the dilution cooler itself and it provides the long time stability. When no thermal perturbation is applied to the bolometer plate, this system provides the required stability. The stability at the lowest sampling frequencies (0.01 to 0.1 Hz) could be verified only marginally during systemlevel ground testing, because the thermal perturbations of the bolometer plate during the test were dominated by the dissipation of micro-vibrations due to the test tank environment. In the instrument-level tests, the heat input on the bolometer plate was around 10 nW with peaks at each filling of the liquid helium, creating drifts of a few μK over periods of a few hours. During the system-level tests the heat input from the facility was even larger (about 40 nW). The expected level in flight is less than 1 nW, caused by the bias current of the bolometer polarisation, and by Galactic cosmic rays deposited in the bolometer plate. The temperature fluctuations induced by these inputs should be negligible. The main temporary perturbations should instead come from solar flares: at most a few events are expected during the mission, which might lead to the loss of a few days of operations of the dilution cooler. A second PID temperature regulation is mounted on the bolometer plate itself but is only considered as a back up to the system described above and should not be needed in flight.
The instrument-level tests and system-level tests carried out have shown that the stability requirements are all satisfied (as described in detail in Lamarre et al. 2010; Pajot et al. 2010) , although for the 100 mK stage the demonstration relies partly on analysis, as the level of micro-vibration of the test facilities did not allow to achieve flight-like thermal stability levels to be achieved (see Pajot et al. 2010) , and therefore to measure reliable 1/f knee frequencies. The systematic effects due to temperature fluctuations are thus expected to be well below the noise and should not compromise the HFI sensitivity.
Additional systematic effects that are known to be significant for HFI include (more detailed descriptions are provided in Lamarre et al. 2010) :
-glitches are due to cosmic rays entering the FPU through its metal box. The energy deposited in thermistors and radiation absorbers of bolometers are mostly above the noise and easily detected 5 . They will be detected and removed during preprocessing of the detector signal time lines by well-known software methods, e.g. Tristram (2005) . During ground testing, the rate of glitches did not exceed a few per hour, but up to several per minute are expected in flight.
-Some channels suffer from a random bi-stable noise known in pre-amplifiers as "telegraph" noise. In all observed cases, the level of this noise did not exceed the standard deviation of the white noise component of the signal, i.e. 0.1 to 0.2 μvolts rms. The number of affected channels varied after every disconnection and reconnection of the low temperature harness. During the final tests at system level, after which the harness has not been manipulated, only the 143-8 and the 545-3 SWB channels showed a significant level of telegraph noise. Algorithms for removing this source of noise have been developed and have been tested on simulated signals. The residual extra noise will have to be evaluated in flight, but there is confidence that this phenomenon has limited consequences on the final noise at low frequencies. 5 Lower energy cosmic rays and suprathermal particles from the solar wind do not reach the focal plane. Fig. 9 . The transfer function due to the time response of HFI bolometer 353-3a, as measured (blue and red dots) and modelled (red line).
-The compressors of the 4 K cooler induce strong parasitic signals at the base frequency (∼40 Hz) and harmonics, through mechanical vibration and electrical interference on the low level part of the amplification chain. The microphonic component is suppressed to a negligible level by the design and active electronic vibration control system used to operate the 4 K cooler. The compressor cycle is phase-locked with the AC readout of the bolometers, which makes the parasitic lines of electromagnetic origin extremely narrow and easy to remove either in the time or the Fourier domain. -Bolometers have thermal properties that induce a noninstantaneous response to incident radiation. In addition, their signal is processed by readout electronics which includes filters and an integration over several milliseconds of the digitized data. The resulting transfer function is complex (see Fig. 9 ), but in the domain of interest for scientific signals, it can be described as a first order low-pass filter with cut-off frequencies ranging from 15 Hz for the long wavelengths channels to 70 Hz for the short wavelength channels. In addition to this classical well-known behaviour, the HFI bolometers show an excess response at frequencies less than a few Hz, for which the amplitude of the response at very low frequencies is increased by a few per mil to a few per cent, depending on the channels. This excess response is well modelled by assuming that it originates from a parasitic heat capacity weakly linked with the bolometers. One consequence of this low frequency excess response is that the signal at 0.017 Hz from the CMB dipole, which is used for photometric calibration, will be enhanced at the percent level by this effect, while the response to higher order moments will not. In consequence, the transfer function has to be known and corrected to achieve an accurate measurement of the CMB spectrum. It has been measured on the ground with an accuracy better than 0.5% of the overall response. The measurement will be repeated in orbit by injecting electrical signals in the bolometers. The signal from planets and from the Galaxy will provide additional constraints on this parameter. More details can be found in Lamarre et al. (2010) .
Optics
A detailed description of the Planck telescope and the instrument optics is provided in Tauber et al. (2010) , Sandri et al. (2010) and Maffei et al. (2010) . The LFI horns are situated in a ring around the HFI, see Fig. 4 . Each horn collects radiation from the telescope and feeds it to one or two detectors. As shown in Fig. 4 and Table 4 , there are nine frequency bands, with central frequencies varying from 30 to 857 GHz. The lowest three frequency channels are covered by the LFI, and the highest six by HFI. All the detector optics are mono-mode, except for the two highest frequencies which are multi-moded. The mean optical properties at each frequency are given in Table 4 , as derived from ground measurements in combination with models extrapolating to flight conditions. The arrangement of the detectors in the focal plane is designed to allow the measurement of polarisation parameters Stokes Q and U (see e.g. Couchot et al. 1999 ). Most horns contain two linearly polarised detectors whose principal planes of polarisation are very close to 90
• apart on the sky. Two such horns, rotated by 45
• with respect to each other, are placed consecutively along the path swept by the field-of-view (FOV) on the sky. This arrangement enables the measurement of the Stokes Q and U parameters by suitable addition and subtraction of the different detector outputs, and reduces spurious polarisation due to beam mismatches.
Uncertainties in the beam shape have a direct impact on the calibration of the temperature scale, which increases with decreasing angular scale. The knowledge of the beams achieved on the ground (Tauber et al. 2010 ) is close to, but not enough to achieve the calibration accuracy goals (1% at all multipoles up to 2000 in the 70-217 GHz frequency channels, and 3% at other frequencies). It will be supplemented with measurements of planets during flight (see Sect. 4 
.2).
Each linearly polarised detector is mainly (but not only) characterised by two parameters: the orientation on the sky of the principal plane of polarisation, and the cross-polar level (i.e. the sensitivity to radiation polarised orthogonally to the principal plane). Both these parameters have been measured on the ground, with accuracies described in Leahy et al. (2010) and Rosset et al. (2010) ; a summary for both instruments is provided in Tauber et al. 2010 . These measurements will be complemented in flight with observations of a bright and strongly polarised source, the Crab Nebula (Tau A). This compact source has well-known polarisation characteristics whose knowledge is now being improved specifically for Planck (Aumont et al. 2010) . The details of the polarisation measurement and calibration scheme are developed further in Leahy et al. (2010) and Rosset et al. (2010) .
Other systematic effects related to the optics (described in greater detail by Tauber et al. 2010 ) include:
-stray-light originating in the CMB dipole is slowly varying and will be very effectively removed by data processing, e.g. destriping. -stray-light originating from Galactic emission results in a significant signal level for temperature anisotropies, the main features of which have been extensively studied, and can be effectively detected and removed (Burigana et al. 2006 ). The level of polarised stray-light is much more difficult to predict but should also be at a controllable level (Hamaker & Leahy 2004 ). -stray-light originating from solar system bodies is expected to be insignificant -fluctuating self-emission from satellite surfaces, mainly the telescope surfaces, is at a very low level and can be identified with the help of on-board thermometry.
On-board data acquisition, handling and transmission to ground
Data are acquired continuously by both instruments and delivered to a central solid-state memory, from which it is downlinked to ground during a daily contact period of 3 h at a rate of 1.5 Mbps via a medium-gain antenna which may be used within a ±15
• Earth cone (see Fig. 2 ). The effective total real-time acquisition rate allocated to the two instruments is 130 kbps averaged over a full day (53.5 kbps allocated to LFI and 76.5 kbps to HFI). The minimum data sampling frequency of the Planck detectors is determined by the need to fully sample all beams in the along-scan direction. Using as guideline the 1-D Nyquist criterion, the beams should be sampled at least 2.3 times per FWHM. In the cross-scan direction, this is ensured by the manoeuver step size of 2 arcmin (Sect. 3.3). Along the scan circle, the readout electronics, digitisation and on-board processing provide the required sampling as described below.
The data handling scheme for LFI is described in detail in Maris et al. (2009) . For each detector, LFI samples both sky and reference load signals from each detector at ∼8.2 kHz, and then averages the samples down to 3 bins per beam FWHM. The analog-to-digital noise added in the process is negligible. The sky and reference load time-ordered data are then "mixed" to reduce variability due to correlated noise and drifts, and requantised to an equivalent 6 σ/q ∼ 9, leading to a σ/q ∼ 2 for the sky and reference recovered signals. This process adds less than 0.05% extra white noise (see Maris et al. 2004 for a description of the effects of quantisation on the noise distribution). Finally, the mixed and re-quantised time-ordered data are recoded using an adaptive lossless algorithm into packets of maximum capacity of 980 bytes equivalent to about 1172 compressed samples. Each packet is coded in such a way that decoding does not depend on any other packet. The on-board process is complicated but allows the recovery on the ground of both sky and reference load time-ordered data with negligible added noise. The average data rate for all LFI detectors resulting from this process is ∼49 kbps (including housekeeping telemetry).
The HFI scheme is based on sampling all detectors at a constant frequency of 180 Hz, which results in a beam sampling rate which varies from 2.2 at the 4 highest frequency channels, to 4.8 at 100 GHz. The samples are then quantised to σ/q ∼ 2, which adds an excess white noise of ∼1%. After lossless compression into packets of 254 consecutive samples, using an algorithm similar to that of LFI, the average data rate of all HFI detectors is ∼68 kbps (including housekeeping telemetry).
The total science data volume downlinked each day is thus ∼13 Gbit. The on-board memory has capacity to store at least 2 days of data in case one contact period is missed.
Time stamping of LFI and HFI data acquisition is synchronised to a central on-board clock with a precision of 15 μs; the synchronization of star tracker data is also based on the central clock so that the relative accuracy of sample location on the sky is extremely good. The on-board clock itself can be synchronised to ground (e.g. UT) during the ground visibility periods with high precision. Ground tests show that drifts during the nonvisibility period are mostly correlated with thermal fluctuations and at a level below 0.1 μs per day.
Lifetime
The required lifetime of Planck in routine operations (i.e., excluding transfer to orbit, commissioning and performance verification phases which span ∼3 months in total) is 15 months, allowing it to complete two full surveys of the sky within that period. Its total lifetime is limited by the active coolers (see Sect. 3) required to operate the Planck detectors. In particular:
-the dilution cooler, which cools the Planck bolometers to 0.1 K, uses 3 He and 4 He gas which is stored in tanks and vented to space after the dilution process. System-level tests of the Planck satellite have verified that the tanks carry enough gas to provide an additional lifetime of between 11 and 15 months over the nominal lifetime, depending on the exact operating conditions found in flight.
-the lifetime of the hydrogen sorption refrigerator, which cools the Planck radiometers to 20 K and provides a first precooling stage for the bolometer system, is limited by gradual degradation of the sorbent material. Two units fly on Planck: the first will allow completion of the nominal mission; the second will allow an additional 14 months of operation. A further increase of lifetime could be obtained, if needed, by heating the absorbing material to a high temperature (a process known as "regeneration").
Overall, the cooling system lifetime will probably allow at least one additional year of operation beyond the current nominal mission span. Barring failures after launch, no other spacecraft or payload factors impose additional limitations. An additional year of lifetime increase would allow Planck to complete four full surveys of the sky instead of the nominal two surveys. Such an extension of the Planck mission would provide improved calibration, control of systematic errors, and noise, leading to reduced uncertainties for many of Planck's science goals and legacy surveys. These improvements will be particularly important for Planck's polarisation products, for which noise, systematic errors, and foregrounds are all potentially limiting factors.
Operational plans

Launch, transfer, and final orbit
Planck was launched from the Centre Spatial Guyanais in Kourou (French Guyana) on 14 May 2009 at 13:12 UT, on an Ariane 5 ECA rocket of Arianespace 7 . ESA's Herschel Space Telescope was launched on the same rocket, see Fig. 10 . Approximately 26 min after launch, Herschel was released from the rocket at an altitude about 1200 km above Earth, and Planck followed suit 2.5 min later. The Ariane rocket placed Planck with excellent accuracy on a trajectory towards the 2nd Lagrangian point of the Earth-Sun system ("L2") which is sketched in Fig. 11 8 . The orbit describes a Lissajous trajectory around L2 with 6 month period that avoids crossing the Earth penumbra for at least 5 years.
After release from the rocket, three major manoeuvers were carried out to place Planck in its intended final orbit: the first, intended to correct for errors in the rocket injection, was executed within 2 days of launch; the second at mid-course to L2; and the third and major one to inject Planck into its final orbit. These manoeuvers took place on 9 June and 3 July, and they were carried out using Planck's coarse (20 N) thrusters. Once in its final orbit, very small manoeuvers are required at approximately monthly intervals to keep Planck from drifting away from its intended path around L2.
Once in its final orbit, Planck will survey the sky continuously for a minimum of 15 months, allowing to survey the full 7 More information on the launch facility and the launcher is available at http://www.arianespace.com 8 The final orbit of Herschel around L2 is much larger than that of Planck, 900 000 km vs. 400 000 km maximum distance to the Earth-L2 line. Their transfer trajectories are therefore quite different. sky at least twice. It will operate autonomously, driven from an on-board timeline which is uploaded daily during the 3 h period of contact with the ground. The contact period will also be used to downlink to ground the data which have been acquired over the past 24 h.
Payload commissioning and performance verification
Functional commissioning started immediately after launch, first addressing critical satellite subsystems, and secondly the payload. At the time this paper is being submitted for publication, the commissioning activities are completed, and all on-board systems are behaving nominally.
Initially, the telescope reflectors and the focal plane were heated to prevent contamination by outgassing from other payload elements. As soon as heating was removed (about two weeks after launch), the payload cooled radiatively rather quickly, see Fig. 12 . During this phase, the cryo-chain was gradually turned on and commissioned. The temperature profile achieved during cool-down was also used to tune and evaluate the LFI's radiometric performance. The coldest temperature of 0.1 K was reached about 50 days after launch. At this time a one month phase of activities started, dedicated to the optimisation of the settings of the cryo-chain and the two instruments. This phase culminated with a two-week period of observations mimicking routine surveying, after which small adjustments to the settings could have been made (but were not necessary), before the start of the survey phase.
Surveying strategy
After the initial commissioning and performance verification phases were completed, Planck started to survey the sky and was scheduled to do so during 15 months 9 . No interruptions or alterations in the scanning strategy need to be made for polarisation calibration or beam mapping, since the corresponding sources will anyway be observed. During this period the satellite moves in its orbit around L2 and L2 around the Sun. Its spin axis is actively displaced on the average 1
• per day in ecliptic longitude to maintain its anti-Sun direction (see Fig. 13 ). The instrument Field-of-View rotates around the spin axis and will cover the full sky at least twice over within the nominal survey period. 9 The satellite carries enough cryogens to allow an extra 12 months of operation. Fig. 13 . From its orbit around L2 (Fig. 11) , Planck will scan the sky as its Field-of-View rotates at 1 rpm. The spin axis is moved on average by 1
• /day (in 2 arcmin steps) to maintain the spin axis at a constant aspect angle to the Sun of 7.5
• . Table 5 . Scanning strategy parameters. θ 7.
• 5 ω 2π/(6 months) φ 340
General considerations on the exact choice of the path to be followed by the spin axis are described in Dupac & Tauber (2005) and Delabrouille et al. (2000) . The cycloidal spin axis path selected allows Planck to maintain a constant aspect angle to the Sun and to cover the whole sky with each detector in the FOV. It is defined by the following functions 10 :
where λ is the angular distance from the fiducial point in Ecliptic longitude, β the angular distance from the fiducial point (the anti-Sun direction) in Ecliptic latitude, θ the spin axis precession amplitude, ω the pulsation of the precession, φ its phase, n the parameter which controls the motion direction of the precession, t is the time, and t 0 is the first time during the Planck survey at which the fiducial point crosses the 0 • Ecliptic longitude line. The values of these parameters are -with the exception of n and φ -independent of the launch date (see Table 5 ). The choice of n and φ is made based on a tradeoff of the following criteria related to detector calibration: -Allowing the largest possible difference between two successive sky surveys of the scan angle on the Crab, to improve the calibration of polarisation properties. The maximum possible difference is 15
• (determined by the Earth angle constraint). The selected scanning parameters result in an angle difference of ∼13.
• 5. -Avoiding satellite orientations which would lead to very low amplitudes of the CMB dipole during parts of the survey, to improve the photometric calibration. -Ensuring that when the brightest planets are observed (for beam calibration), there is sufficient operational margin to reobserve them in case of need.
The motion of the spin axis along its cycloidal path is not continuous, but achieved by manoeuvers whose amplitude is fixed to 2 arcmin. This step size has been set to ensure adequate sampling of even the smallest beams in the cross-scan direction. Between manoeuvers (whose typical duration is 5 min), the satellite spin axis is inertially stable, except for residual nutation and a drift due to solar pressure (estimated at 2.5-3.5 arcmin/day). As a consequence of the fixed size step manoeuvers and the orbital characteristics, the inertial dwell times vary sinusoidally with 6 month period between 2360 and 3904 s. With this scanning strategy, and assuming no interruptions, the typical sky coverage that will be achieved is illustrated in Figs. 14 and 15, and quantified in Table 6 for representative frequencies. The range of coverage parameters found depends largely on the size of the circle; the difference between the 30 and 44 GHz horns being the largest as they are located at two extremes of the focal plane.
Calibration strategy
The calibration -conversion of raw data to physical units -requires specific measurements to be made, some of which can only be made on the ground, and some of which will be primarily, or at least partially, obtained in flight.
On-ground calibrations
The calibration campaigns carried out on the ground and their results are described in detail in Pajot et al. (2010) (HFI), Mennella et al. (2010) (LFI), and Tauber et al. (2010) (Telescope) . The results of these campaigns form a complete calibration set which is the basis for the performance estimates made in this paper. Some parts will be superseded by measurements in flight, but others cannot be improved in flight (though some may be verified in flight). The latter group includes:
1. The spectral response of each detector, the knowledge of which is described in Villa et al. (2010) 
Notes.
(a) Integration time per square degree for typical channels. (b) Fraction of the sky with integration time lower than one-half the mean value.
(c) Fraction of the sky with integration time higher than four times the mean value.
(d) Fraction of the sky with integration time higher than nine times the mean value.
(e) Fraction of the sky which has a high spread of scanning angles, for all detectors at each frequency. The value is based on dividing the 2π range of angles into 16 bins; for a pixel on the sky, the spread is considered high if there are samples in at least 5 bins. More details are available in Dupac & Tauber (2005). 3. Cross-correlations between detectors, which can be verified in flight using the brightest planets. Upper limits determined on the ground are described in Mennella et al. (2010) 
In-flight calibrations
In-flight calibrations are based on the observation of four distinct classes of sources:
-the so-called "CMB dipole", i.e. the modulation of the CMB due to the motion of the solar system barycenter with respect to the cosmological comoving frame, has an amplitude of ∼3.4 mK which is known to an accuracy of ∼0.3% (Hinshaw et al. 2009) ; it is further modulated by the motion of the Earth around the Sun, with an amplitude (∼10% of the dipole itself) which can be very accurately calculated from the orbital velocity of the satellite with respect to the Earth (which can be estimated in flight with an accuracy better than 1 cm/s), and that of the Earth around the Sun (which is extremely accurately known). These variations are visible in the Planck time-ordered data at periods of one minute and 6 months respectively, and are sufficient to calibrate the responsivity to large-scale CMB emission of all Planck detectors up to 353 GHz with an accuracy better than 1% (see Bersanelli et al. 1997; Cappellini et al. 2003 , for LFI, Piat et al. 2002 . -at the highest frequencies of HFI, namely 545 and 857 GHz, the CMB dipole signal is too faint to be a good photometric calibrator. Instead the ∼7 • resolution maps obtained by the Far-Infrared Absolute Spectrometer (FIRAS) instrument on board COBE of emission from the Galactic Plane will be used as a calibrator. Detailed simulations which take into account various significant effects, i.e. the precision of COBE/FIRAS measurements, the emission spectrum of the Galactic Plane and its knowledge, the stability of the HFI detectors over one week period (needed to sweep over the extent of the FIRAS resolution) and the ability to monitor this stability using celestial sources, leads to an expected absolute accuracy better than ∼3% (Piat et al. 2002 ).
-Observations of bright planets (in effect the brightest point sources in the Planck sky) will be used (as outlined in Tauber et al. 2010 and described in detail most recently in Huffenberger et al. 2010) to: -map the angular response of each detector. For this purpose Jupiter and Mars are especially important. In the worst case analysed, using no information about the optics except the measurement of planets, Huffenberger et al. (2010) find that a single transit of Jupiter across the focal plane will measure the beam transfer functions to better than 0.3% for the channels at 100-217 GHz which are the most sensitive to the CMB. -determine the focal plane geometry, i.e. the relative location of all detectors on the sky. -Determine the time response (long-timescale component) of the HFI detectors. The planets will be observed without any interruption or indeed modification of the routine scanning strategy; about one week of time is needed to scan the full FOV across a planet. Each planet is encountered at least once in each full sky survey; successive observations will be used to improve the determination of the above parameters and assess any possible long-term drifts.
-Bright polarised point sources (mainly Taurus A -the Crab) will be used to determine the absolute orientation of the principal angle of polarisation and the cross-polarisation level of each Planck detector. The relative angle can be determined by observation of regions of brightly polarised foreground emission at high ecliptic latitudes (which are observed many times with a wide range of scan angles). Some further details of the calibration scheme and its accuracy are described in Tauber et al. (2010) and Leahy et al. (2010) .
The Planck thermal model will be used to predict temperatures and thermal fluctuation levels at all critical locations in the focal plane (e.g. detectors, filters, reference loads, etc) based on the available on-board thermometry, and is a required element of the calibration process. It consists of two distinct models: one addressing the large-scale quasi-static heat flows, which is used mainly for cool-down and warm-up predictions; and one which models the actively cooled elements. Both have been correlated extensively with ground measurements, and modified accordingly. Since the ground test environments can never fully mimic the flight situation, these models will be re-correlated during the early phases of operations, and a publication describing the results will be produced at that time.
The "scientific ground segment"
The ground operations of the Planck satellite are based on 4 geographically distributed centres (see Fig. 16 ):
-The mission operations centre (MOC), located at ESA's operations centre in Darmstadt (Germany), is responsible for all aspects of flight control and of the health and safety of the Planck satellite, including both instruments. It plans and executes all necessary satellite activities, including instrument commanding requests by the instrument operations centres. MOC communicates with the satellite using ESA's 35-m antenna located in New Norcia (Australia) over a daily 3-h period, during which it uplinks a scheduled activity timeline which is autonomously executed by the satellite, and downlinks the science and housekeeping (HK) data acquired by the satellite during the past 24 h. The downlinked data are transferred from New Norcia to the MOC over a period of typically 8 h; at MOC they are put onto a data server from where they are retrieved by the two Data Processing Centres. -The Planck Science Office (PSO), located at ESA's European Space Astronomy Centre in Madrid (Spain) is responsible for coordinating scientific operations of the Planck instruments, and for planning the sky surveying strategy. It provides to MOC a detailed pointing plan with a periodicity of about 1 month. PSO will also develop and operate the archive which will store and distribute the final scientific products to the community. -The LFI instrument operations and data processing centre, located at the Osservatorio Astronomico di Trieste (Italy), is responsible for the optimal operation of the LFI instrument, and for the processing of the data acquired by LFI into the final scientific products of the mission. -The HFI instrument operations and data processing centres, located respectively at the Institut d'Astrophysique Spatiale in Orsay (France) and at the Institut d'Astrophysique de Paris (France), are similarly responsible for the optimal operation of the HFI instrument, and (with several other institutes in France and the UK) for the processing of the data acquired by HFI into the final scientific products of the mission.
The principal objective of Planck is to enable CMB-based scientific analysis, as described in the Planck Bluebook. The success of the mission depends on the combination of measurements from both instruments to produce a sensitive and wellunderstood set of maps of the Stokes I, Q and U components of the CMB anisotropies . The combination of LFI and HFI data poses significant challenges arising from the different technologies involved, but also provides advantages in terms of crosschecking and cross-calibration. To use these advantages fully requires the co-analysis of LFI and HFI data at all levels starting at that of individual detector timelines, and not only at the level of frequency channel maps. The two data processing centres (DPCs) have set up a system of periodic data exchanges which is geared to make full use of these advantages and to ensure that a single coherent set of products is generated by the mission. The philosophy underlying this system is that:
-The calibration of each instrument and cleaning of spurious artifacts requires deep expert knowledge and is carried out within each DPC; nonetheless, LFI and HFI data (timelines, detector maps, frequency channel maps) are exchanged at frequent intervals to allow cross-calibration and crosschecking for systematic effects as much as possible. -Frequency maps will be produced by each DPC for their respective instruments and will form a common input to component separation pipelines which are geared to isolate the CMB signals from all systematic effects and non-CMB signals (so-called "foregrounds"). Finding the best algorithm for this purpose will be an iterative process involving both DPCs. -Scientific analysis is the main driver in the search for the best products and cannot be separated from data calibration or processing issues; it is therefore intertwined and will also be repeatedly iterated. To enable this feedback to take place, the DPCs will issue at regular intervals (typically 6 months) products -principally maps -of increasing sophistication and quality for the scientific users within the Planck Collaboration (see Annex 1).
The iterative data processing outlined above will gradually yield a mature set of scientific products which will be delivered by the DPCs to ESA 2 years after the end of the baseline surveying period of 15 months 11 . The data products, which will be distributed to the community via an online archive developed by ESA about 3.5 years after launch (i.e. in November 2012), will consist of: -Calibrated and cleaned time-ordered data for each detector.
-Maps of the whole sky at each Planck frequency. This is the main product of the mission. -All-sky Stokes I, Q, and U maps of the CMB anisotropies -All-sky Stokes I, Q, and U maps of a set of non-CMB components, the exact definition of which is still open, but which will contain at least Galactic synchrotron, free-free, and dust emission; and most likely also the diffuse (unresolved) Sunyaev-Zeldovich and extragalactic background. -An all-sky catalogue of compact and point sources extracted from the Planck sky maps. These sources will include both Galactic and extra-galactic sources. Of particular interest among the extra-galactic sources will be those detected via the signature of the Sunyaev-Zeldovich effect. -A sufficient set of information and data which allows the products to be useable by a typical astronomer, e.g. calibration data, uncertainty descriptors, likelihood functions, ancillary data used in the product generation, descriptive documentation, etc.
In addition to the above products, an Early Release Compact Source Catalogue (ERCSC) will be released to the community ∼19 months after launch, which is targeted to identification and quick follow-up of scientifically interesting objects, in particular by the limited-lifetime Herschel Observatory 12 . The ERCSC will be based on the data gathered during the first sky survey only, and the detection algorithm will emphasize reliability of the included sources rather than completeness. The algorithm will not attempt to use any channel cross-correlation information, except in the case of two particular classes of sources which are of particular interest for Herschel follow-up and which will be identified on specific color criteria, namely Galactic cold cores and extragalactic Sunyaev-Zeldovich sources. The typical (n) Study of the structure and intensity of the magnetic fields (ordered and tangled components) within nearby interstellar clouds, in relation with their density and velocity structure. 6. Solar System science (a) Extraction and analysis of the zodiacal light emission, and constraints on dust properties and content within the solar system. (b) Detection and analysis of the emission from several classes of objects, such as main belt asteroids, planets, and comets.
It is expected that the above projects will result in around 40 scientific papers which will be submitted for publication at the time when the final scientific products are released to the community.
Conclusions
This paper summarises the performance of Planck at the time of launch in the areas most relevant for scientific analysis of the Planck data. It also outlines the main elements of its scientific operations and data analysis. Detailed descriptions of aspects of the payload are provided in accompanying papers in this issue. It can be concluded that:
1. The major elements of satellite and payload performance fulfill the original technical requirements. 2. The ground segment is ready for operations. 3. The Planck Collaboration is ready for scientific analysis.
After a flawless launch, Planck is now in its final orbit and has started routine surveying of the sky. There is every expectation that in-flight commissioning and performance verification activities will confirm the performance outlined here. The Planck Science Team (see membership at http://www. rssd.esa.int/Planck) is a formal body set up by ESA at the inception of the project to represent the scientific interests of the mission, which has had a key advisory role vis-à-vis the development of the satellite, payload and ground segment. It is a recognised principle of the mission that the scientific exploitation of Planck during the proprietary period is a joint venture between the involved Consortia, and the Science Team is the body which has taken the role to organise, plan, coordinate, and oversee all the common activities in this respect. All members of the Planck Scientific Collaboration have agreed to abide by the policies set by the Science Team with regard to data access and publication of scientific results. A complete online database of all members of the Planck Collaboration is maintained at http://www. rssd.esa.int/index.php?project=IDIS&page=people.
